In this on-going work, we aim at contributing to the issue of energy consumption by proposing tools to automatically define some aspects of the architectural and structural design of buildings. Our framework starts with a building design, and automatically optimizes it, providing to the architect many variations that minimize, in different ways, both energy consumption and construction costs. The optimization stage is done by the combination of an energy consumption simulation program, EnergyPlus, with a state-of-the-art multi-objective evolutionary algorithm, Hype. The latter explores the design search space, automatically generating new feasible design solutions, which are then evaluated by the energy simulation software. Preliminary results are presented, in which the proposed framework is used to optimize the orientation angle of a given commercial building and the materials used for the thermal insulation of its walls.
INTRODUCTION
The continuous rising of energy consumption is a current and global concern. On the one hand, there is the fact that energy is still mainly coming from non-renewable and limited Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. GECCO '11, July 12-16, 2011 sources. On the other hand, the more energy is consumed, the more carbon emissions are released in the atmosphere. According to a recent report from the World Business Council for Sustainable Development [10] , the building sector is responsible for the most important energy consumption rate, estimated at around 40% of the total energy used worldwide. Surprisingly, the resulting carbon emissions are even higher than those of all the transportation sector combined. Reducing energy consumption, while not compromising the rising living standards of the ever-growing population, has become thus a matter of extreme importance towards a global sustainable future. In this work, we aim at contributing to this issue by using evolutionary algorithms to automatically define some aspects of the architectural and structural design of buildings.
The main objective for the optimization of buildings, in terms of sustainable development, is the reduction of energy use (while also possibly generating some energy, e.g., solar or wind energy, but this is out of the scope of this work for the time being). But the more energy-efficient is the building, the more expensive tends to be its construction. One might thus find a compromise between energy efficiency and construction costs. Another well-known trade-off in this context is the exploration of natural daylighting versus thermal insulation. The bigger the windows, the more daylight will possibly come in; but windows are usually much less efficient in terms of thermal insulation than walls. Then, some savings in the use of electricity for lighting might be (probably over-) compensated by a higher need of the "Heating, Ventilating and Air-Conditioning" (HVAC) mechanisms, which are usually the most energy-demanding equipments in a building. The non-use of these equipments, or their use at a smaller power rate, might significantly reduce the total energy consumption; but at the same time it will also negatively affect the thermal comfort of the people living/working in the given building.
Based on these examples, it is clear that multiple objectives need to be taken into account in order to do a more realistic optimization of building designs towards sustainability. Evolutionary algorithms are very popular meta-heuristics for multi-objective optimization, mainly due to the fact that they are population-based, i.e., a set of solutions is continuously evolved in parallel. This enables the decision-maker to choose, in the end of the process, between many solutions that are optimal with respect to the considered objectives in different ways, not being comparable between each other, the so-called Pareto front.
In this work, the optimization of building designs is done by the combination of an energy consumption simulation program, EnergyPlus [9] , with Hype [3] , a state-of-the-art multi-objective evolutionary algorithm. The latter explores the design search space, automatically generating new feasible design solutions, which are then evaluated by the energy simulation software. This generate-and-test cycle is repeated until a satisfactory design is found, or another stopping condition is achieved.
This work is on its very early stages. Some preliminary results will be presented here, concerning the definition of the orientation angle of a given commercial building (w.r.t. the real North axis) and the choice of the materials used in two insulation layers of its exterior walls. The objective in this case is to minimize both energy consumption and construction costs. It is important to note that, for the sake of simplicity, we are currently considering only the period during which the building is in "operation". This corresponds to around 80% of the total energy consumption during the life cycle of a building [10] ; the other 20% are spent on its construction (including the manufacturing of the materials used) and demolition.
This document is structured as follows. Section 2 surveys some related work. In Section 3, the proposed approach is described, including a brief description of both, the EnergyPlus simulation program and the evolutionary algorithm employed. Finally, Section 4 analyzes the results of some preliminary experiments, while Section 5 concludes with some perspectives for further work.
RELATED WORK
Some other works applying optimization methods to maximize energy efficiency and other sustainability-related objectives can be found in the literature. A brief overview of some of these works will be provided here, focusing on which kind of aspects were optimized, and to which objectives.
In [8] , the authors optimize the shape of the building envelope in order to maximize the receiving of solar beams on its façade, which directly affects the energy consumption for artificial lighting and HVAC. Both variables are computed using the EnergyPlus software. As an extra, the authors suggest the use of Computational Fluid Dynamics (CFD) analysis to, for example, analyze the wind flow in the internal space of the building.
In [6] , as in the present work, the objective is to minimize costs while maximizing energy efficiency. As choices for the optimization method, there are the type of windows and the type and quantity of the insulation material used in the walls. The thermal transmittance and the conductivity of each material are taken from the ASHRAE database [1] , and the prices are artificially simulated according to the performance of the material. Finally, the energy consumption is evaluated using a set of well-defined equations.
In [4] , many different applications are considered, with growing levels of complexity, which can be summarized as follows. Starting with box-like offices facing each cardinal direction (squared one-floor buildings), the first objective is to maximize the energy efficiency by finding the best window dimension for each office and orientation. In the second case, the geometry of the building and the space layout are fixed, the objective is to optimize its façade, mainly the size and placement of the windows, aiming at maximizing the energy efficiency. In the following case, the objective is two-fold: minimize the cost of the materials used in the construction of the building, while also maximizing the energy performance. In a second step, not only the cost of the materials is considered, but also the energy saved during the construction phase and the energy spent to manufacture these materials. In the last case, the objective is to automatically generate/evolve complete 3D architectural forms that are energy-efficient, while at the same time being in agreement with the design intentions expressed by the architect, which are represented in terms of a well-defined set of rules.
Besides the building design, another component that significantly affects the energy consumption is the HVAC system. The optimization of the design and of the control parameters of HVAC systems is the focus of the works presented in [11, 2] .
OPTIMIZATION FOR SUSTAINABILITY
In this work, our approach to optimize buildings towards a higher sustainability (here expressed in terms of reduction of energy consumption) can be summarized in this way. A multi-objective evolutionary algorithm explores the design search space, guiding the search towards the Pareto front, according to the required objectives. Two feedbacks are being currently used by the search process: (i) the construction costs of the candidate building design, defined by the price per square meter of the chosen insulation materials, and (ii) its energy efficiency, which is evaluated using a piece of software referred to as EnergyPlus [9] . Both, the EnergyPlus simulation software, and the multi-objective evolutionary algorithm used in this work, will be briefly described in the following.
EnergyPlus
EnergyPlus is a very complete energy analysis and thermal load simulation program, which is available 1 free of charge for all the main computer platforms. It can be seen as an ameliorated extension of the BLAST and DOE-2 energy simulation programs, that were developed after the 1970s energy crisis. Many enhancements have been continuously aggregated to it since its first release in 2001, mainly supported by the United States Department of Energy.
This software enables the evaluation of the energy consumption behavior of almost any kind of building, as defined by the user via an input file containing the design parameters, and according to the meteorological trends (weather data) of the region where it is planned to be built. It is primarily a simulation engine, with both input and output being made via text files. Some GUIs and special plugins are provided by third-party developers in order to facilitate and extend its use.
It is mainly used by "design engineers" and architects to, for instance, appropriately size the HVAC equipments, develop retrofitting projects, evaluate and/or optimize energy performance, etc. In this work, we use it to evaluate the energy consumption of the design solutions automatically generated by a search/optimization algorithm, which will be described in the following. 1 EnergyPlus is available at http://apps1.eere.energy.gov/buildings/energyplus/
Multi-Objective Evolutionary Algorithm
A current and efficient trend to evaluate the quality or fitness of a solution in multi-objective optimization is the use of the hyper-volume measure [12] . Briefly, the fitness of a solution is equal to its contribution to the hyper-volume computed between the current Pareto front and a reference point in the search space. In this work, we are using Hype [3] , a state-of-the-art hyper-volume-based algorithm.
Besides proposing a new approximate way of calculating the hyper-volume based on sampling, the Hype algorithm [3] differs from the other available variants of hyper-volumebased multi-objective evolutionary algorithms mostly in two aspects: its fitness assignment and its replacement/survival selection mechanism.
Concerning the fitness assignment, as in the other existing algorithms, the fitness assigned to a solution is equal to its contribution to the current hyper-volume. The main difference is that each solution receives partial "credit" for the regions of the hyper-volume that are dominated by more than one solution. For example, in case there are three solutions dominating a given region, the reward given to each of them due to the dominance of this region is divided by three.
Regarding the replacement/survival selection mechanism, Hype proposes a special way of doing it:
1. Starting from the merged parents+offspring population, it firstly divides it into non-dominance partitions, using the non-dominance sorting concept from the NSGA-II [5] algorithm. The first partition is the set of nondominated solutions (the Pareto front) of the given population. By removing these solutions from the population, we have a new Pareto front, which is the second partition of non-dominance, and so on. These partitions are then included one by one in the new population, whenever there is space available for the entire partition to be included.
2. At some point, one partition might not entirely fit. It is then considered using the Hype fitness assignment method, as follows. Let k be the number of individuals that need to be removed from this partition so it can be included in the new population. Briefly, at each iteration from 1 to k, the fitness (the contribution to the hyper-volume) of each individual of the given subpopulation (the partition) is calculated, and the worst individual is removed.
This process is exemplified in Figure 1 . All the solutions are represented by a red cross. The × marks the first partition of non-dominated solutions, which has 5 individuals, and thus can be entirely included in the new population (of size 8 in this case). The × marks the second partition (the new Pareto front when removing the first partition). It does not fit entirely in the new population, and only 3 out of 5 individuals are kept, marked with a black square, according to their contribution to the hyper-volume formed by this sub-population.
PRELIMINARY EXPERIMENTS
This is a currently on-going work, still on its early stages. Some experiments were done in order to validate our experimental framework and to empirically verify the possible Figure 1 : Example of the Hype replacement mechanism in action. The solutions marked with a black square are the ones chosen to remain for the next generation, while the others will be discarded.
gains that might be achieved with it. These experiments will be described in the following.
The Building
The first building design tackled was taken from [7, Exercise 2C]. It is a single-floor commercial building, which is originally described as follows: (a) The division of the building in zones, as well as the placement of windows and doors, extracted from [7] (b) Another view focusing on its external façades 
Building: Single floor rectangular building 30.5 m (100 ft) x 15.2 m (50 ft). 5 zones -4 exterior, 1 interior, zone height 2.4 m (8 ft). Exterior zone depth is 3.7 m (12 ft). There is a 0.6 m (2 ft) high return plenum. The overall building height is 3m (10 ft). There are windows on all 4 façades; the south and north façades have glass doors. The south facing glass is shaded by overhangs. The walls are wood-shingle over plywood, R11 insulation, and gypsum board. The roof is a gravel built up roof with mineral board insulation and plywood sheathing. The floor slab is 0.1 m (4 in) of heavy concrete. The windows and glass doors are double pane Low-e clear glass with argon gap. The window to wall ratio is approximately 0.3. The building is oriented with the long axis running east-west.

The Problem
These preliminary experiments are considering two conflicting objectives: the minimization of both the energy consumption and the construction costs of the building. The former is taken from the "Total Site Energy" variable in the "Annual Building Performance Summary" output report provided by EnergyPlus, in kWh. For the latter, we consider the sum of the costs of the insulation materials used, in e/m 2 . Three problem variables are considered here, as follows.
The first decision variable is the orientation angle of the building, expressed in degrees with respect to the real North axis. It is being currently considered as a real value between 0 and 360, although in practice some physical constraints might exist.
The other two variables represent the choice of material used for each insulation layer of the external walls. Table  1 depicts our current database of insulation materials, containing 33 different kinds of material with their corresponding thermal resistance (measured in square-meter kelvins per watt, or simply m 2 · K/W ) and cost per square meter (taken from a french retailer). The names of the materials are omitted here for the sake of brevity. These are thus categorical variables, each one ranging between 1 and 33 (the "index" of each material), with partial ordering: materials #5 to #10 might be of the same kind but with different thicknesses (and consequently different thermal insulation performance), while material #11 might be a totally different one.
As it can be seen from this sample set, the cost is not a function of the thermal resistance (and vice-versa). This is due to the fact that there are other aspects that might make a given material more expensive, such as the complexity for its installation, which are not taken into account here. The external walls are finally constituted by the aggregation of these insulation layers with two other layers, the external and the internal ones, which are not modified here in order to avoid possible conflicts with respect to the architect design intentions.
Evolutionary Algorithm
The implemented evolutionary algorithm uses the Hype [3] fitness assignment and replacement mechanisms, briefly described in Section 3.2. The representation used is a mixed one: there are three genes, the first is a real-value representing the orientation angle of the building, and the other two are integer values representing the index of the insulation material used for each layer.
For the mating selection, it uses tournament with t = 2: for the generation of each new solution, two solutions are randomly selected from the main population, and the best between them (in terms of contribution to the hypervolume, as defined by Hype) is selected for the mating. The main population size is fixed to 40 individuals, while 80 new offspring are produced every generation.
Very simple variation operators are being currently employed: a 1-point Crossover, and a Gaussian Mutation with mean zero and standard deviation 1 (multiplied by 10 for the Orientation variable, because it is meaningless to perform very small variations on the building orientation). Crossover is applied at a fixed rate of 0.8, and Mutation at 0.1, an identical copy of the solution is created otherwise.
It is important to note that better parameters/operators with respect to the considered search space might exist. But the objective of the presented work is rather to validate the experimental framework and show the potentials of this kind of application. An extensive parameter analysis is left for further work.
The stopping condition is fixed to 6040 evaluations, that is equivalent to 75 generations. A much higher number of gen-erations could be considered, but this choice is constrained by the fact that each energy consumption simulation, which is required for each fitness evaluation, takes around 1 minute to be processed 2 .
Analysis of Results
Forty runs were done, considering "cost versus energy consumption". The final population for each of these runs, as well as the non-dominated set extracted from these 40 populations, are presented in Figure 3 . The same set of final non-dominated solutions is numerically depicted in Table 2 . For the sake of comparison, the original design of this building, using Orientation=0 (i.e., aligned with the real North axis) and the materials cited on its description in Section 4.1, achieves a total energy consumption of 65735.2 kWh per year, considering the meteorological data of the OHare International Airport in Chicago, USA (the same used in these experiments). In case there are no budget constraints, the most energy efficient solution in this case (#1) will represent a reduction of around 5% in terms of energy consumption.
These results become more interesting when considering both objectives. As it can be seen, the proposed experimental framework succeeds into finding many non-dominated solutions (21 in this case) that are optimal in different ways with respect to the considered objectives. Then, it is up to the decision maker to choose which solution to employ, according to the strongest requirements and/or constraints he needs to take into account. For instance, if he does not want to spend more than e7 per square meter for the insulation materials, solution #7 would be the most energy-efficient choice. On the other way round, if he wants a building that does not spend more than 63500 kWh in average per year, solution #9 would be the cheapest one.
It is important to note that all these solutions use around the same value for the orientation angle of the building (Θ = 264.935 ± 0.177). This is intuitive, and now empirically verified: if we use the same combination of materials Table 2 : The set of non-dominated solutions extracted from the final population of each of the 40 runs done, ordered by the yearly average energy consumption, in kWh, while the cost is shown in e/m 2 . M1 and M2 refers to the index of the material respectively used for each of the two insulation layers, following the list in Table 1. for all the external walls of the building, the optimization of the orientation angle becomes an independent problem. In order to further analyze it, additional experiments were performed considering solution #1 (the most energy-efficient one), varying the angle ∈ [0 : 5 : 360]. The results are shown in Figure 4 . As it can be seen, in this simple study case, the optimum is really around 265 degrees, and up to 700kWh (around 1%) of energy consumption can be saved only by optimizing the orientation angle.
Although it is common (and good) practice to compare the obtained results with the ones found by other algorithms, we consider that it is not really necessary to do so for the time being, mainly for three reasons. Firstly, the Hype algorithm has already been empirically shown to be a state-of-the-art approach for multi-objective optimization [3] , although in a different application context. Secondly, the experiments presented here are considering a rather simple search space: this is evidenced by the fact that very few points can be seen in Figure 3 , which indeed depicts all the 40 final solutions for each of the 40 runs done -this means that most of the runs converged to approximately the same solution set, although using very different random seeds. And thirdly, the main baseline for comparison here is still the human (an architect in this case). Needless to say, besides saving a significant amount of his time, the use of computer-guided optimization enables the exploration of a much higher number of candidate design solutions.
CONCLUSION AND NEXT STEPS
In this work, we are using an existing multi-objective algorithm, referred to as Hype [3] , to optimize some aspects of the design of a given building. The aim of the optimization process is two-fold: to reduce the energy consumption of the building, given by a simulation engine called EnergyPlus [9] , while also accounting for its construction costs.
The experiments presented, although being very preliminary, show to be very useful in order to validate the proposed experimental framework. They also contribute into demonstrating that this project has a great potential in terms of contribution to sustainable development. In addition to the "green" motivation, an architect might greatly benefit from this framework: it will not only save his time, but also provide more energy-efficient solutions that he would probably not be able of exploring.
The complexity of the search space will be significantly increased in the near future, with the consideration of other design aspects, such as the size and placement of the windows. In this case, an additional objective shall be considered, the absorptance of natural daylighting. Additionally, for the time being, we are currently taking into account only objectives related to the reduction of energy consumption in a passive way. Further work might also address the choice of HVAC systems that should be used, as well as their control parameters.
Finally, for the moment we have considered only a single and simple building, while many other buildings should be tackled in order to further validate our approach. The plan is to create a benchmark set containing several building of very different nature, such as office buildings, warehouses, churches, hospitals, schools, with different geometries (e.g., L-shape, U-shape), number of floors, HVAC systems, etc.
